Our data suggest a novel mechanism whereby pathological-length polyglutamine (polyQ) proteins promote the spermine synthetic pathway, increasing polyQ-aggregation and cell death. As detected in a cell-free turbidity assay, spermine promotes aggregation of thio-polyQ62 in a dose-dependent manner. 
Introduction
Polyglutamine-repeat diseases, a group of at least eight disorders including Huntington's disease (HD), result from the expression of mutant proteins containing an expanded polyglutamine domain (Feigin and Zgaljardic, 2002; Zoghbi and Botas, 2002) . The pathological-length protein in HD, huntingtin (Htt), aggregates in the cytoplasm and nucleus and kill cells. Among the neuronal populations affected in HD, the medium spiny neurons in the striatum are most susceptible, and Ͼ50% of this class of neuron die (Sieradzan and Mann, 2001 ). The specific loss of these neurons appears paradoxical because the mutant Htt is expressed widely throughout the CNS and in peripheral, non-neuronal tissues (Ferrante et al., 1997; Sathasivam et al., 1999; Sieradzan and Mann, 2001; Luthi-Carter et al., 2002) .
Glutamate-mediated excitotoxicity is an accepted mechanism for the death of medium spiny neurons in HD (Petersen et al., 1999; Sieradzan and Mann, 2001 ). These neurons receive input from glutamatergic cortical neurons projecting into the striatum from cortical layers V and VI (Calabresi et al., 2000; Sieradzan and Mann, 2001; Zeron et al., 2001) . They express ionotropic glutamate receptors, which, when excessively activated, result in excitotoxic cell death (Bruyn and Stoof, 1990; Stefani et al., 1998; Chen et al., 1999; Levine et al., 1999; Cicchetti et al., 2000; Cepeda et al., 2001; Zeron et al., 2001; VanDamme et al., 2002) . Glutamate receptor excitotoxicity is modulated by spermine and nitric oxide (NO) through the regulation of specific subtypes of glutamate receptors (Arandea et al., 1999; Gbadegesin et al., 1999) . These same glutamate receptor subtypes are implicated in the striatal and cortical neuronal loss in HD (Stefani et al., 1998; Zeron et al., 2001) .
Our study explores the involvement of spermine and NO in modulating neuronal loss in the polyglutamine-repeat diseases. Interestingly, NO and spermine synthesis are linked through a common precursor, arginine. Arginine is the sole substrate for both nitric oxide synthase (NOS), in NO synthesis, and arginase I and II, in spermine synthesis. Because intracellular arginine levels are rate-limiting for the production of ornithine by arginase and of NO by NOS (Wu and Morris, 1998; Boucher et al., 1999) , competition for intracellular arginine is an important mechanism regulating these two enzymatic pathways. To study polyglutamine (polyQ) protein-mediated toxicity, CAD cells, a tyrosine hydroxylase-positive neuronal cell line, were transduced with trans-lentiviral vectors using the cellular polypeptide chain elongation factor 1 ␣ (EF1␣) promoter to express either polyQ19-yellow fluorescent protein (YFP) (a nonpathological polyQ domain) or polyQ57-YFP (a pathological-length domain).
The presence of pathological-length polyglutamine protein in cells expressing the pathological-length polyglutamine [polyQ57 (Q57)] protein shifts arginine use to arginase I (and the poly-amine synthetic pathway) and away from NOS (reducing production of NO). Furthermore, we find that cell death is increased when this polyamine production pathway is activated and is inhibited by a specific antagonist of ornithine decarboxylase, a regulatory enzyme critical to the production of spermine. Activation of the polyamine synthetic pathway is also associated with increased aggregation of polyQ proteins in situ and promotes pathological-length polyQ protein aggregation in vitro. These changes we observe in the pathway producing spermine provide novel insights into the mechanism for cell death in cells expressing pathological-length polyQ protein.
Materials and Methods
Cell culture. CAD cells were a generous gift from Dr. Dona Chikaraishi (Neurobiology Department, Duke University Medical Center, Durham, NC) and were cultured at 37°C in DMEM and F-12 medium supplemented with 8% fetal bovine serum (Hyclone, Logan, UT), 100 U/ml penicillin, and 100 g/ml streptomycin (Qi et al., 1997) . CAD cell derivation, phenotypic characterization, and NO production have been described previously (Qi et al., 1997; Wang and Oxford, 2000; Xu and Colton, 2004) .
Cell transduction. CAD cells were plated into 24-well dishes and incubated for 4 hr with a trans-lentiviral vector [Tranzyme vector (TZV)] containing a polyQn-YFP fusion construct (1-5 ϫ 10 5 transforming units per well). The construct has been previously described (Nagai et al., 2000) and incorporates XhoI and NotI sites to facilitate insertion into the gene transfer component of the split-function lentivector system designed by Tranzyme Inc. This gene transfer component also contains an internal ribosome entry site-driven puromycin resistance gene making the trans-lentiviral vector medium of TZV-EF1␣-polyQn-YFP capable of bicistronic message expression and allowing the selection of the transduced cells. Gene expression was visible within 48 hr after transduction in the form of YFP fluorescence. The transduced cells were replated and cultured under normal growth conditions. After the third replating, puromycin (2 g/ml) was included in the normal growth media to select for transduced cells.
NO production. NO production was determined from the supernatant level of nitrite, the stable oxidation product of NO in biological solutions, using a Seivers 280 nitric oxide analyzer (Seivers Instruments Inc., Boulder, CO) as previously described (Xu and Colton, 2004) . Protein content was determined using a BCA assay (Pierce, Rockford, IL), and the data were normalized to nanomolar concentration of nitrite per microgram of protein. Average values were obtained from four to six wells from each plate for a minimum of three different culture groups. Significance was determined using a Student's t test or ANOVA with the Bonferroni correction (GraphPad Software Inc., San Diego, CA).
Arginine uptake. Arginine uptake was measured essentially as described by Colton et al. (2001) . CAD cells were plated into 24-well dishes and preequilibrated in serum-free media containing low arginine (10 M). After 30 min, the low-arginine media were replaced with uptake buffer (in mM: 137 NaCl, 2.7 KCl, 1.5 CaCl 2 , 1.2 KH 2 PO 4 , 1.0 MgSO 4 , and 20 HEPES, pH7.4) containing a defined arginine concentration (from 3 M to 1 mM) plus [ 3 H]arginine (1 Ci/ml). Uptake was followed for 4 min at 37°C and stopped by washing with ice-cold uptake buffer containing 10 mM unlabeled arginine. Cells were then lysed in 1.0% Triton X-100, and radioactivity was measured by liquid scintillation counting. Specific arginine uptake was determined from the difference between uptake at 4°C (nonspecific) and uptake at 37°C (total uptake). At least six wells from three different culture groups were assayed, and uptake values were normalized to microgram of protein.
Arginase activity. Total cellular arginase enzymatic activity was determined as described by Corraliza et al. (1994) . Cells plated into 100 mm dishes were lysed in 50 mM Tris HCl, pH 7.5, and 0.1% Triton X-100 containing 1ϫ protease inhibitor mixture (Sigma, St. Louis, MO). Ten micromolar MnCl 2 in 50 mM Tris-HCl, pH 7.5, was added to each cell sample, and the arginase was activated by heating to 55°C for 10 min. After the addition of 0.5 M arginine, pH 9.7, the reaction mixture was incubated at 37°C for 60 min, and the reaction was stopped by the addition of H 2 SO 4 , H 3 PO 4 , and H 2 O (1:3:7, v/v). Nine percent ␣-isonitrosopropiophenone was then added, and the samples were heated for 45 min at 100°C. After additional incubation for 10 min in the dark at 25°C, the absorbance at 540 nm was measured, and the content of urea was determined from a standard curve using varying concentrations of urea. Data are presented as the average micromole urea per microgram of protein per minute Ϯ SEM.
Reverse transcription-PCR and Western blot. Total RNA was isolated for cell samples using an RNeasy kit (Qiagen, Valencia, CA). RNA was reverse-transcribed to cDNA using a High-Capacity cDNA archive kit (Applied Biosystems, Foster City, CA) with MultiScribe reverse transcriptase and random primers. The resulting cDNA templates were then mixed with target Assay-on-Demand primer/probe sets for murine arginase I (AGI ), AGII, NOS1, or spermidine/spermine acetyltransferase (SSAT ) and Taqman universal PCR master mix (Applied Biosystems). YFP mRNA expression was analyzed by reverse transcription (RT)-PCR using a YFP PCR primer set (BD Biosciences, San Jose, CA). The PCR amplification was performed using an Applied Biosystems ABI 7000HT sequence detection system, and the threshold cycle (C T , the cycle number at which the amount of amplified target gene reaches a fixed threshold) was determined for each sample. Relative quantitation of mRNA expression was calculated by the comparative C T method with the amount of target ϭ 2 Ϫ⌬⌬CT (Livak and Schmittgen, 2001) . Data are presented as the average fold change for triplicate samples from three different culture groups per experimental condition in which the value of the target was normalized to that of the endogenous control (18S) and relative to a calibrator. The calibrator in this case was untreated cells expressing Q19.
For Western blot of nNOS and arginase I, CAD cells were harvested directly into lysis buffer and boiled in 2ϫ Laemmli sample buffer, and the protein amount was quantified by the BCA assay (Pierce). Equal amounts of lysate proteins were size-separated by Tris-glycine PAGE, electroblotted to an Immobilon-P membrane (Millipore, Bedford, MA), and probed with monoclonal antibodies against nNOS (BD Biosciences; 1:2000), arginase 1 (BD Biosciences; 1:1000) or ␣-tubulin (Sigma; 1:2500). After incubation with the appropriate secondary antibody coupled to peroxidase, immunoreactive bands were revealed by ECL. Band density was analyzed using Kodak 1D image analysis software (Eastman Kodak Co., Rochester, NY)
In vitro aggregation assay. Aggregation of a thioredoxin-polyglutamine fusion protein, thio-Qn, for which n ϭ 62 glutamines, was determined by a turbidometric assay. Incubations were performed in a low-proteinbinding 96-well plate in a cell-free system in varying concentrations of spermine (100 M-1 mM) or other polyamines and a concentration of thio-Q62 previously shown to form aggregates (17 M) (Nagai et al., 2000; Ren et al., 2001) . Incubations were performed at 37°C in PBS and were assayed continuously over time using a Thermo Max plate reader (Molecular Devices, Sunnyvale, CA).
Aggregate filter assay. Total cellular aggregate was measured using a filter retardation assay as described by Heiser et al. (2002) . Cells were homogenized into PBS and then passed through a cellulose acetate membrane (0.2 m, OE66; Schleicher & Schuell, Keene, NH) using vacuum filtration. Multiple-sized aggregates were retained on the filter, whereas nonaggregated polyQ proteins passed through the filter. The aggregate level was measured using an indirect immunoassay for YFP, and immunoreactivity was detected using ECL. Band density was determined as described above for the Western blot.
Cell proliferation. Q19 and Q57 cell proliferation was determined at specific time points after plating by measuring total DNA as an index of cell number (FluoReporter blue fluorometric double-stranded DNA quantitation kit; Molecular Probes, Eugene, OR) and bromodeoxyuridine (BrdU) incorporation into DNA (cell proliferation ELISA; Roche Applied Science, Penzberg, Germany) following the manufacturer's instructions. Significance was determined using a repeated measures (twoway) ANOVA for n ϭ 12-24 wells analyzed (GraphPad Software Inc.).
Cell toxicity. Cell viability was determined using propidium iodide (PI). Cells were treated for 15 min at 37°C with 50 g/ml PI added to the medium, washed with PBS, and then either viewed under fluorescent microscopy or cell-sorted using a fluorescence-activated cell sorter (FACS). For microscopy, PI-stained cells were counted as a percentage of the total cells for a minimum of 10 random fields per coverslip using a minimum of three coverslips per experimental condition for at least triplicate experiments. For cytometry, 10,000 cells per experimental sample were loaded into the FACS, and PI fluorescence was determined as a percentage of total cells. Data are presented as percentage dead cells Ϯ SEM. Significance was determined using a Student's t test or ANOVA with the Bonferroni correction for at least three different culture groups per experimental condition (GraphPad Software Inc.).
Results

Pathological-length polyQ proteins aggregate and kill cells
Stable expression of polyQ19-YFP or polyQ57-YFP was observed in separate CAD cell lines, as demonstrated by the presence of YFP-mediated cellular fluorescence ( Fig. 1 A-E) . Highly fluorescent aggregates were observed in both nuclear (Fig. 1 D) and cytoplasmic ( Fig. 1 E) locations in CAD cells transduced with polyQ57-YFP. In contrast, aggregates were not visible in polyQ19-YFP cells ( Fig. 1 A,B) . Analysis of YFP mRNA demonstrated approximately equal expression of the polyQ19-YFP and polyQ57-YFP protein mRNA ( Fig. 1 F) , suggesting that the level of viral transduction between the two cell lines was equivalent. Expression of polyQ57-YFP protein altered cell proliferation and was toxic to CAD cells. Q57 cell number as measured by total DNA was significantly depressed compared with Q19 cells up to ϳ36 hr after initial equal plating (Fig. 1G) . The change in cell number was attributable both to increased cell death (Fig. 1 H) and to decreased proliferation, as measured by incorporation of labeled BrdU into DNA (Fig. 1 I) in Q57 cells compared with Q19 cells.
Pathological-length polyQ cells do not increase NO production, whereas wild-type polyQ cells do
To determine the effect of the pathological-length polyQ57-YFP protein on NO production, nNOS activity was stimulated with ionomycin (3 M). Ionomycin promotes Ca 2ϩ entry into cells. The resultant increase in intracellular Ca 2ϩ activates nNOS and initiates NO production by the enzymatic conversion of arginine to citrulline and NO (Kiedrowski et al., 1992; Weikert et al., 1997; Xu and Colton, 2004) . As shown in Figure 2 A, ionomycin increased supernatant nitrite levels in polyQ19-YFP cells but not in polyQ57-YFP cells. Decreased NO levels in polyQ57 cells were not attributable to decreased NOS1 levels. No significant difference was observed in NOS1 mRNA when using quantitative RT PCR to compare polyQ19-YFP and polyQ57-YFP cells (Fig. 2 B) . In addition, Western blot analysis demonstrated equivalent amounts of nNOS in polyQ57-YFP and polyQ19-YFP cells (Fig. 2C) .
Arginine transport is increased in pathological-length polyQ cells
Decreased availability of intracellular arginine may limit NO production in neurons. Intracellular arginine pools are primarily supplied by arginine transporters that move arginine across the plasma membrane to the interior of the cell. Although arginine transport can regulate NO production in macrophages (Kakuda et al., 1999; Colton et al., 2001) , some neuronal populations maintain intracellular arginine pools by recycling citrulline through the citrulline-arginine-NO cycle, thus bypassing arginine uptake (Braissant et al., 1999; Heneka et al., 2001) . To determine whether CAD cells synthesize arginine via this mechanism, we examined the expression of argininosuccinate lyase (AL) and argininosuccinate synthase (AS), the two enzymes necessary for the citrulline-arginine-NO cycle. CAD neurons express AL mRNA but do not express AS mRNA (data not shown), indicating that this cell line lacks a functional citrulline-arginine-NO cycle. Thus, arginine transport is a rate-limiting step in the production of NO in cells expressing polyQ57-YFP. To determine whether the decrease in NO production we observed in polyQ57-YFP cells was attributable to inhibition of arginine transport, we measured total arginine uptake using G, The percentage cell number was determined for polyQ57-YFP and polyQ19-YFP cells at various time points after initial equal plating (t ϭ 0) using a fluorometric measurement of DNA. Average percentage Ϯ SEM was determined from the ratio of DNA content at 3-72 hr to DNA content at t ϭ 0 ϫ 100. Curves are significantly different at p Ͻ 0.0001 using two-way ANOVA; n ϭ 12-24 wells analyzed. H, Average percentage cell death of Q57 and Q19 cells obtained by fluorescence cytometry using PI at 36 hr after plating. Percentage death ϭ number of PI ϩ cells/total amount of cells ϫ 100. *p Ͻ 0.006 using the Student's t test with n ϭ 3 separate culture groups. I, BrdU incorporation into Q19 and Q57 cells over time. Curves are significantly different at p Ͻ 0.0001 using two-way ANOVA; n ϭ 12-24 wells analyzed.
pressing polyQ57-YFP protein was significantly higher than in cells expressing polyQ19-YFP protein. Therefore, the decreased NO production we observed in cells expressing pathologicallength polyQ is not a result of decreased arginine transport, leading to decreased intracellular arginine pools.
Polyamine synthesis is upregulated in pathological-length polyQ cells Decreased NO production, despite higher arginine uptake, suggests that arginine is used in polyQ57-YFP cells differently than in polyQ19-YFP cells. Thus, we measured mRNA and protein levels for AGI and AGII, enzymes that compete with nNOS for intracellular arginine and initiate polyamine synthesis Mori et al., 1998; Boucher et al., 1999; Kepka-Lenhart et al., 2000; Li et al., 2001; de Jonge et al., 2002; Que et al., 2002) . Using quantitative RT-PCR, we observed a significant increase in AGI mRNA in CAD cells expressing the pathological-length polyQ protein compared with cells expressing the non-toxiclength polyQ (Figs. 3A, 4A ). No significant difference between polyQ19-YFP and polyQ57-YFP cells was observed for AGII mRNA (data not shown). Increased AGI mRNA correlated with increased arginase I protein expression (Fig. 3B ) and a significant increase in the basal levels of total arginase activity in polyQ57-YFP cells compared with polyQ19-YFP cells (Fig. 3C) . To determine whether the effect of polyQ protein was unique to CAD cells, we also examined arginase I protein expression in transduced COS-7 cells expressing polyQ proteins. COS-7 cells, derived from green monkey kidney, were transduced with polyQ57-YFP or polyQ19-YFP using lentiviral vectors. As shown in Figure  3D , the level of arginase 1 protein in COS-7 cells expressing polyQ57-YFP was greater than in cells expressing polyQ19-YFP.
Enhanced expression of arginase I in polyQ57-YFP cells was further demonstrated by measuring levels of AGI mRNA after induction with 8-bromo-cAMP (8 Br-cAMP) (Fig. 4) . To stimulate arginase expression, CAD cells were treated with 8 Br-cAMP and (N 5 -1-imino-3-butenyl)-L-ornithine (L-vNIO), a specific nNOS inhibitor (Babu and Griffith, 1998) . 8-Br-cAMP increases AGI mRNA and arginase I protein expression, whereas L-vNIO inhibits NOS, thereby decreasing feedback inhibition of arginase 1 with the enzymatic products of NOS, N-hydroxy arginine and NO (Buga et al., 1996; Bauer et al., 1999; Kepka-Lenhart et al., 2000) . Separate control studies demonstrated that L-vNIO does not alter arginine uptake (data not shown). AG1 mRNA expression was measured using quantitative RT-PCR at 2, 6, and 17 hr after treatment with 8-Br-cAMP (0.5 mM) and L-vNIO (10 M). As shown in Figure 4A , AG1 mRNA increased slightly by 6 hr of treatment in cells expressing polyQ19-YFP but did not reach significance. However, a significant increase was observed in polyQ57-YFP cells at 2 and 6 hr of treatment that returned to the baseline values for polyQ57 cells by 17 hr. These data demonstrate that treatment with 8-Br-cAMP and L-vNIO induces AGI above baseline expression.
Our data suggest that polyamine production increases in CAD cells expressing polyQ57-YFP compared with cells expressing polyQ19-YFP. To determine whether polyamine metabolism is altered in polyQ57 cells, we next examined SSAT, the enzyme that catalyzes the back-conversion of spermine to N-acetylspermine (Pohjanpelto et al., 1985; Shappell et al., 1993; Suppola et al., 2001; Wallace et al., 2003) . SSAT mRNA and protein expression are tightly regulated by intracellular polyamine levels and are part of a feedback system controlling cytosolic spermine concentrations (Porter et al., 1990) . Thus, SSAT mRNA increases with increased cytosolic spermine concentration (Shappell et al., 1993; Fogel-Petrovic et al., 1996; Shantz and Pegg, 1999; Suppola et al., 2001) . No significant differences were observed in the basal level of SSAT mRNA between polyQ19-YFP and polyQ57-YFP CAD cells. However, when polyQ19-YFP cells were treated with 8-BrcAMP and L-vNIO for 2, 6, and 17 hr, SSAT mRNA rapidly increased and returned to baseline values after 6 hr (Fig. 4 B) . In Figure 2 . NO production and arginine uptake are different in polyQ57-YFP cells. A, Q19 and Q57 cells were plated for 72 hr and then treated with 3 M ionomycin to initiate NO production by nNOS. Supernatant nitrite values were measured after 5 hr of treatment. Background (untreated) nitrite values were subtracted from ionomycin-treated values. *p Ͻ 0.04 compared with polyQ57-YFP cells; n ϭ 12 wells assayed for three different culture groups. B, C, NOS1 mRNA ( B) and nNOS protein ( C) levels were determined for separate sister cultures. Fold changes in mRNA expression/18S was determined using quantitative real-time RT-PCR and the comparative C T method in which Q57 is compared with Q19. Lane 1, Q19; lane 2, Q57. D, Specific [ 3 H]arginine uptake was determined from the difference between total [ 3 H]arginine uptake at 4 min at 37°C minus the nonspecific uptake under the same conditions at 4°C. p Ͻ 0.001; n ϭ 16 -24 wells analyzed.
contrast, no changes in SSAT mRNA levels were observed in cells expressing polyQ57-YFP (Fig. 4C) . To corroborate that changes in SSAT mRNA expression in polyQ19-YFP cells are attributable to increased ornithine decarboxylase (ODC) activity, the enzyme that catalyzes the synthesis of the first step in higher polyamine production, we used difluoromethylornithine (DFMO). DFMO is a highly selective suicide inhibitor of ODC and decreases the production of polyamines (Slotkin et al., 1982; Porter et al., 1990; Jacoby et al., 2003) . DFMO inhibited the increase in SSAT mRNA produced by 8-Br-cAMP and L-vNIO (Fig. 4 B) . These data suggest that the rise in SSAT expression in polyQ19-YFP cells was attributable to an increase in spermine synthesis. This change was not observed in polyQ57-YFP cells.
Polyamines potentiate pathological-length polyQ protein aggregation in vitro and in situ
Recent data demonstrate that the polyamines spermine and spermidine bind with, and accelerate the aggregation of ␣-synuclein, the protein that forms abnormal intracellular deposits within neurons in Parkinson's disease (Antony et al., 2003; Goers et al., 2003) . We first determined whether polyamines have similar effects on polyQ protein aggregation in vitro using a turbidometic assay. Aggregation of thio-polyQ62 in the presence and absence of varying concentrations of spermine (100 -1000 M) is shown in Figure 5A . Spermine dramatically increased the aggregation of thio-polyQ62 in a dose-dependent manner. Other polyamines were examined for their effect on polyQ62 aggregation. At 250 M, spermine was the most effective aggregating agent. Similar concentrations of spermidine, N-acetylspermine, N-acetylspermidine, Quantitative real-time RT-PCR was used to detect significant differences in AGI and SSAT mRNA at 2, 6, and 17 hr after treatment of Q19 and Q57 cells with 8-Br cAMP (0.5 mM) and L-vNIO (10 M) to enhance polyamine synthesis. Fold changes are determined using the comparative C T method with Q19 untreated (unt) cells as the reference value. A, AGI mRNA expression was significantly higher in Q57 cells. *p Ͻ 0. 02; **p Ͻ 0.04; n ϭ 3 or 4 separate culture groups. B, C, Fold changes in SSAT mRNA expression in Q19 ( B) and Q57 ( C) cells with 8-Br-cAMP (0.5 mM) and L-vNIO (10 M) treatment. Inhibition of ODC using DMFO (100 M) was used to determine specificity of activation. *p Ͻ 0.01; **p ϭ 0.05. and putrescine had no effect (Fig. 5B) . Theeffect of spermine was specific to polyglutamine aggregation because no aggregation of bovine serum albumin plus spermine was observed or of a thioredoxin protein without the polyglutamine repeat domain (data not shown).
Our data demonstrate that the pathway for polyamine synthesis is enhanced in cells expressing pathological-length polyQ proteins. Because the polyamines spermine and spermidine promote polyQ aggregation in vitro, we determined whether increased activity of the arginase-ODC pathway alters aggregation of the polyQ57-YFP protein within cells. We counted the number of cells with visible fluorescent polyQ57-YFP aggregates and compared the number after 15 hr of treatment with 8-Br-cAMP and L-vNIO to untreated cells. As shown in Figure 6 A, the percentage of cells with aggregates significantly increased with 8-Br-cAMP alone and increased further with the combination of 8-Br-cAMP and L-vNIO. The increase in aggregation was confirmed by a filter assay that detects polyglutamine aggregates in cell samples (Fig. 6 B) .
Increasing polyamine synthesis increases polyQ-mediated cell death
Our data confirm previously published findings that cell death is greater in cells expressing pathological-length polyQ proteins (Figs. 1, 7) (Ferrante et al., 1997; Petersen et al., 1999; Ross, 2000; Wyttenbach et al., 2001) . To examine whether stimulating the polyamine production pathway increased cell death caused by polyQ57-YFP, we measured the viability of cells when arginase and ODC activity was further enhanced by treatment with 8-BrcAMP and L-vNIO. Using PI as an indicator of cell death, the number of dead cells significantly increased after 15 hr of 8-BrcAMP treatment in polyQ57 cells but not in polyQ19 cells (Fig. 7) . In addition, simultaneous treatment with 100 M DFMO reduced both the overall baseline level of cell death and the 8-Br-cAMPstimulated increase in cell death in cells expressing polyQ57. No change in cell death was observed in polyQ19 cells with DFMO.
Discussion
Our data suggest a novel mechanism by which pathologicallength polyQ proteins promote their own aggregation and cell death by increasing the polyamine production pathway (Fig. 8) . We propose that the tightly controlled feedback mechanisms regulating intracellular spermine levels are disrupted by pathological-length polyQ57-YFP protein but not by polyQ19-YFP protein. This disruption may result from spermine interaction with the polyQ57 protein, leading to a reduction of free intracellular spermine levels and promoting polyQ aggregation. Compensation by feedback pathways then leads to feed forward effects, increasing arginine use by the cell and increasing the activity of arginase I, thereby increasing the polyamine synthetic pathway at the expense of other arginine-dependent pathways such as nNOS.
CNS arginase and nNOS
Arginase I and NOS are the primary enzymes in brain that require arginine as a substrate (Heneka et al., 2001 ). In cells that express both nNOS and arginase I, competition for arginine by the overexpression of arginase decreases NO production (Wu and Morris, 1998; Singh et al., 2000) . Our data demonstrate that NO production is reduced in polyQ57 CAD cells, with no apparent change in NOS1 mRNA or nNOS protein levels and despite increased arginine uptake that provides more substrate to fuel NOS activity. Coupled with a significant increase in arginase I protein expression and activity, these findings suggest that arginase I successfully outcompetes nNOS for arginine in cells expressing the pathological-length polyQ protein (Boucher et al., 1999; Yu et al., 2001 ). Reduction in neuronal NO production is likely to signifi- cantly affect striatal function and may play a critical role in the observed motor deficits in HD. NO affects the normal physiological function of the striatum by setting the level of activity and responsiveness of neurons in the striatum (West and Grace, 2000; Saka et al., 2002) . The importance of NO in the disease process has been confirmed by Deckel et al. (2001 Deckel et al. ( , 2002 using the R6/2 HD mouse HD model crossed with an nNOS knock-out mouse. Accelerated disease progression and a younger age of death were observed in this mouse, reinforcing an important role for nNOS in striatal function and in HD neuropathophysiology.
Arginase, ODC, and polyamine production As shown in Figure 8 , activation of arginase I and ornithine decarboxylase are initiating steps in polyamine production (Wallace et al., 2003) . Both arginase I and ODC are feedbackcontrolled, regulatory enzymes for polyamine synthesis whose cellular overexpression increases production of polyamines and polyamine-mediated cellular effects (Kepka-Lenhart et al., 2000; Wei et al., 2001; Cai et al., 2002) . The sustained increase in arginase I in polyQ57-YFP cells suggests dysfunctional homeostasis of polyamines not observed in polyQ19-YFP cells. This effect is not limited solely to neuronal cells coexpressing nNOS or to neurons, per se. A similar increase in arginase is observed in polyQ57-YFP COS-7 cells, a monkey kidney cell line that does not express nNOS. Although selectivity to specific neuronal subpopulations is a hallmark of the polyQ diseases, non-neuronal cells are also damaged by pathological Htt in Huntington's disease (Sathasivam et al., 1999; Luthi-Carter et al., 2002) .
Polyamine regulation
Spermine is formed by sequential addition of aminopropyl groups derived from decarboxylated S-adenosylmethionine onto the core diamine (Fig. 8) . Despite disruption of synthetic pathways, changes in intracellular spermine levels are difficult to observe because of multilevel homeostatic mechanisms controlling spermine concentrations (Porter et al., 1990; Halmekyto et al., 1991; Fogel-Petrovic et al., 1996; Hayashi et al., 1996; Pietila et al., 1997; Morrison et al., 1998; Kepka-Lenhart et al., 2000; Suppola et al., 2001) . SSAT, the enzyme that catalyzes the back-conversion of spermine to N-acetyl forms, is tightly regulated by intracellular spermine. Under normal physiological conditions, increased cytosolic spermine induces a rapid, transient rise in SSAT mRNA and protein (Shappell et al., 1993; Fogel-Petrovic et al., 1996; Shantz and Pegg, 1999; Suppola et al., 1999) . As a consequence, spermine levels are lowered by the back-conversion of spermine to N-acetylspermine that is either transported out of the cells or recycled to lower polyamines. This tight feedback regulation of SSAT mRNA by intracellular spermine levels can be used to indicate cellular spermine production (Shappell et al., 1993; Pietila et al., 1997) . CAD cells expressing polyQ19-YFP have a functional feedback control system because activation of polyamine production by 8-Br-cAMP plus L-vNIO resulted in increased and then decreased SSAT mRNA as predicted from its role in the homeostatic control of free spermine levels inside the cell. In addition, the specific suicide inhibitor of ODC, DFMO, reduced the level of SSAT mRNA, demonstrating that the increase in SSAT mRNA in poly19Q cells was attributable to the increased spermine production initiated by 8-Br-cAMP plus L-vNIO. In contrast, SSAT mRNA levels did not change in polyQ57-YFP cells under the same conditions. This lack of induction of SSAT suggests that the normal homeostatic mechanisms designed to control spermine levels were not initiated in Q57 cells. One possible explanation is that effective intracellular spermine levels are reduced by interaction of spermine with pathological-length polyQ protein but are not reduced by the presence of non-pathologicallength polyQ proteins. Vivo et al. (2001) found a reduction in striatal spermine concentrations in brain from HD patients. This change was not attributable solely to neuronal loss because putrescine concentrations were not decreased.
Polyamines and polyglutamine aggregation
Polyamines are multivalent cations that participate in cell proliferation and differentiation, are tightly regulated in most tissues, and play key roles in cell physiology (Williams, 1997; Childs et al., 2003) . Polyamines stabilize DNA, promote binding of transcription factors, and enhance coactivator function (Thomas and Thomas, 2001; Childs et al., 2003) . Both increased and decreased polyamine levels affect nuclear function. Spermine regulates ion channels such as the NMDA, glutamate receptor 1 (GluR1) and immunoreactive potassium channels (Williams, 1997; Dingledine et al., 1999) , alters redox balance of the cell, and modulates immune responsiveness (Petersen et al., 1999; Soulet and Rivest, 2003) . Importantly, spermine complexes with and accelerates the aggregation of ␣-synuclein, a protein that forms abnormal intracellular deposits within neurons in Parkinson's disease (Antony et al., 2003; Goers et al., 2003) . We demonstrate a similar phenomenon with pathological-length polyQ proteins. Addition of physiological concentrations of spermine to thioredoxin-polyQ62 protein in vitro increased aggregation compared with thioredoxinpolyQ62 protein alone. Interaction of spermine with pathologicallength polyamine proteins not only may promote toxic aggregate formation but also may disrupt the normal homeostasis of polyamines within the cell. We postulate that the resultant fall in polyamines in certain cells may initiate a series of physiological changes that damage cell function. These actions are not mutually exclusive from the effects of pathological length polyQ proteins.
Conditions that increased polyamine production enhanced formation of aggregates in cells expressing polyQ57 proteins. Treatment of polyQ57 cells with 8-Br-cAMP plus L-vNIO significantly increased the number of cells with visible aggregates and the amount of aggregate detected by a filter assay. This is likely to reflect a true increase in aggregate formation (rather than preservation of cells with aggregate) because 8-Br-cAMP plus L-vNIO increased cell death.
Polyamines, polyglutamine, and cell viability
Although cell viability is reduced by pathological-length polyQ, we cannot distinguish between cell toxicity initiated directly by PolyQ57-YFP from cell toxicity secondarily initiated by the dysregulation of polyamine homeostasis. The increase in cell death by 8-Br-cAMP plus L-vNIO and the reduction of cell death by DFMO strongly suggest a direct role for intracellular polyamines in the toxicity of polyQ57. High levels of spermine induce apoptosis, via oxidative mechanisms involving the increased production of H 2 O 2 by polyamine oxidase, a key enzyme in the backconversion of polyamines (Porter et al., 1990; Wallace et al., 2003) . Our data, however, suggest that intracellular levels of free spermine are reduced by pathological-length polyQ proteins, rather than increased. Low intracellular levels of spermine are also associated with increased cell death. Mutant Gy male mice lack functional spermine synthase, have low spermine levels, and show increased sensitivity to the chloroethlyating agent 1,2-bis (2-chloroethyl)-N-nitrosourea (Meyer et al., 1998; Mackintosh and Pegg, 2003) . Also, caspase activation and apoptotic cell death initiated by UV radiation was greatly increased in the Gy mouse. For medium spiny neurons in the HD striatum, changes in spermine levels are likely to alter glutamate-mediated synaptic currents. Spermine regulates specific NMDA channel subunit combinations and GluR1 AMPA receptors (Williams et al., 1994; Donevan and Rogawski, 1995; Washburn and Dingledine, 1996; Arandea et al., 1999; Pellegrini-Giampietro, 2003) . These same subunit combinations are expressed in the striatum (Kuppenbender et al., 1999 (Kuppenbender et al., , 2000 and are implicated in the striatal and cortical neuronal loss in HD (Zeron et al., 2001 (Zeron et al., , 2002 Li et al., 2003) . The profound change in polyamine synthesis in cells expressing pathological-length polyQ provides a novel approach to deciphering differential neuronal dysfunction in polyglutamine diseases.
